The electronic properties of a GaAs/AlGaAs heterojunction bipolar transistor ͑HBT͒ structure have been studied by surface photovoltage spectroscopy. The p-base band-gap narrowing has been determined and confirmed by numerical simulation. Based on the shape of the surface photovoltage spectrum, it is possible to monitor the doping level and evaluate the minority-carrier mobility. This work demonstrates the power of the technique as a precision tool for HBT quality control.
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The GaAs/AlGaAs-based heterojunction bipolar transistor ͑HBT͒ has been intensively studied due to its advantages for microwave applications. A very sensitive role in the performance of such devices is played by the highly doped p base. Small differences in its doping concentration may significantly impact the device performance.
High base doping has been shown to result in reduction of charge-carrier lifetime through enhancement of Auger recombination, Fermi filling, 3 and significant band-gap narrowing. 4 Monitoring these phenomena may be used for precise determination of p-GaAs doping. For instance, photoluminescence studies of HBT structures have been successfully applied for band-gap value determination. A number of empirical formulas correlating the band-gap value and the doping level of the p base have been proposed. [5] [6] [7] The disadvantage of this technique is the low-temperature requirement and an additional fabrication step to remove the emitter contact layer. 8 It has been demonstrated that photoreflectance and contactless electroreflectance measurements are very powerful for the nondestructive room-temperature production line characterization of ͑a͒ the electric fields in the collector and emitter regions and ͑b͒ alloy composition of wafer-scale HBTs. [9] [10] [11] [12] [13] Also, it has recently been demonstrated that these methods can also be employed to evaluate values of the static common-emitter current gain factor.
14 However, since these methods cannot modulate highly doped layers, they do not yield information about p-base doping.
The SPS technique can overcome the problem of determining the properties of the p-base doping region at room temperature. This method monitors photo-induced changes of the surface potential using the Kelvin probe technique. The surface photovoltage ͑SPV͒ is caused by photon absorption and charge-carrier separation in the bulk, at structure interfaces, and at the outer surface of the structure. The sign of the SPV indicates the type of studied semiconductor layer of the structure. 15, 16 In this letter we present an approach for monitoring the doping level and evaluating the electron mobility of the highly doped p bases of HBT's.
The GaAs/AlGaAs HBT was fabricated using molecular beam epitaxy with the following structure: A 600-nm-thick n ϩ -GaAs:Si subcollector contact layer was grown on an undoped semi-insulating substrate. This was followed by a 700-nm-thick n-GaAs:Si collector layer (nϭ7.5ϫ10 15 ) was graded in Al composition at the top and at the bottom over 30 nm. The top n ϩ -GaAs emitter contact layer (nϭ7ϫ10 18 cm
Ϫ3
) was about 75-nm thick. SPS experiments have been performed in air using a commercial Kelvin probe unit with a sensitivity of ϳ1 mV. 17 The sample was illuminated by a monochromatic light from an optical system comprising a 250 W tungsten-halogen light source and a 0.25-m monochromator. Figure 1͑a͒ shows part of the SPV spectrum HBT sample. The sample has been measured under a wide range of light intensities, out of which two typical spectra are shown. The SPV in this range shows a major peak at 1.384 a͒ Electronic mail: boris@eng.tau.ac.il APPLIED PHYSICS LETTERS VOLUME 73, NUMBER 5 3 AUGUST 1998 650 0003-6951/98/73(5)/650/3/$15.00 © 1998 American Institute of Physics eV, followed by a secondary broad peak ͑denoted below by ''plateau''͒ and a decrease of the signal beyond 1.41 eV.
Based on the capability of SPS to determine the direction of the electric field, the increasing SPV signal beyond 1.36 eV is caused by a photobias at the base-emitter junction. Similarly, the drop of the SPV signal at 1.413 eV is caused by photoinduced flattening of the band bending at the basecollector homojunction. According to the sign of the SPV slope, this signal may also be attributed to photon absorption at the surface. However, the contribution of the latter to the measured SPV seems to be negligible due to a weaker electric field at the surface compared to the collector junction. A numerical simulation has been performed in order to understand the SPV signal drop around 1.39 eV and the ''plateau'' formation. This simulation 18 is based on solving the continuity equation for electrons and holes and the Poisson equation, considering the sub-band-gap absorption ͑due to band tails or defects͒ as well. Using the intentional growth parameters of the device, a simulated spectrum very similar to the experimental results has been obtained and is presented in Fig. 1͑b͒ .
Since a simulation can yield physical insight, Fig. 2 presents the simulated distribution of the normalized absorption coefficient ␣/␣ 0 ͑i.e., ␣ divided by the energy independent part-␣ 0 ) at different photon energies through the entire structure:
͑1͒ The solid curve shows the normalized absorption coefficient at 1.374 eV. It can be seen that the absorption coefficient at the emitter-base junction is higher than at the collector-base junction. It may occur due to more developed band tails or a higher concentration of defects at the emitterbase junction. This observation explains the rise of the signal at the sub-band-gap energy below the peak in Fig. 1͑b͒ .
͑2͒ The dashed curve shows the normalized absorption coefficient at 1.388 eV, corresponding to the drop of the SPV signal just beyond the peak in Fig. 1͑b͒ . Thus, this drop occurs at the energy range where the entire p-GaAs base begins to absorb light. This absorption induces a photobias at the collector-base junction, which reduces the SPV signal. This explains the nature of the SPV drop in this energy range, as well as why the band-gap value of the p base may be directly extracted from the SPV spectrum. The experimental value of the highly doped p-base band gap is then 1.384 eV.
͑3͒ The dotted curve shows the normalized absorption coefficient at 1.404 eV, corresponding to the ''plateau'' of the SPV signal at this energy, shown in Fig. 1͑b͒ . Following the simulation, this reflects a ''coupling'' of the two junctions by carrier transport across the base at this range, balancing their contributions to the SPV. It is intuitively clear that the shape of this part of the spectrum should be sensitive to the mobility of minority carriers.
͑4͒ The dash-dotted curve shows the normalized absorption coefficient at a photon energy of 1.438 eV, where significant photon absorption takes place at the collector and induces the drop of the SPV signal starting at about 1.413 eV. The inset in Fig. 2 presents the evolution of the normalized absorption coefficients in the quasineutral regions of the collector ͑solid curve͒ and of the base ͑dashed curve͒ as a function of photon energy. It shows a rather critical dependence on the energy, supporting the assignment of 1.388 eV to the p-GaAs base band gap and of 1.413 eV to the collector band gap.
As noted above, the band-gap value of the highly doped base strongly depends on the doping level. Thus, the p-base doping concentration may be determined using the p-base band-gap value, yielded by the peak position. The formulas proposed by Lu et al. 7 , respectively. The relative errors due to the our optical system resolution of 1 nm ͑1.6 meV͒ have been calculated for each formula and they are 12%, 13%, and 12%, respectively. Although the value of the p-base doping cannot be accurately obtained by the currently available equations, our technique makes it possible to use the SPV spectrum as a reference ''fingerprint'' for industrial processes.
As pointed out above, the electron mobility in the p base should significantly affect the shape of the SPV spectrum. Indeed, the simulation shows that the difference between the ''plateau'' level ͓point 1 in Fig. 1͑b͔͒ and the peak-''plateau'' intervalley ͓point 2 in Fig. 1͑b͔͒ is very sensitive to the electron mobility. This difference ͑normalized relative to the experimental difference͒ as a function of the electron mobility in the p base is presented in Fig. 3 . An electron mobility of 1500Ϯ200 cm 2 /V s is obtained. This mobility is presumably governed by ionized impurity scattering. Based on the graph presented in the work of Lancefield et al., 19 the predicted doping concentration is about 1ϫ10 19 cm
, very close to the result obtained by Casey 5 above, which is also close to the intentional doping.
Hence, the electron lifetime in the p base has been estimated to be in the range 2.2ϫ10
Ϫ10 sϽ e,B Ͻ4ϫ10 Ϫ9 s. According to our evaluation of the electron mobility, the diffusion coefficient-D has been estimated according to D ϭkT/e as 39 cm 2 s
Ϫ1
. Thus, the current gain coefficient ␤ of our HBT may be calculated according to ␤ϭ2L 2 /W 2 , where L is the minority-carrier diffusion length (ͱD e,B ) and W is the width of the base. A value in the range 90-1600 is obtained in good agreement with the range determined experimentally.
In conclusion, a GaAs/AlGaAs HBT structure has been studied by SPS. The p-base band-gap narrowing has been determined and confirmed by numerical simulation. The shape of the surface photovoltage spectrum can be used as a reference ''fingerprint'' for the monitoring of the base doping level and determination of the minority-carrier mobility. This experiment exhibits the power of SPS as a precision tool for HBT quality control. 
